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Abstract— We report the dual-frequency and dual-polarization 
emission of an optically-pumped vertical external-cavity 
semiconductor laser (OP-VECSEL). Our laser source provides a 
high-purity optically-carried RF signal tunable in the GHz range, 
and is specifically designed for the coherent population trapping 
(CPT) of Cs atoms in compact atomic clocks. The laser spectrum 
is stabilized onto a Cs atomic transition at 852.1 nm, and the 
frequency difference is locked to a local oscillator at 9.2 GHz. 
Special attention has been paid to the evaluation of the frequency, 
intensity and phase noise properties. A maximum phase noise of -
90 dBrad²/Hz has been measured. Finally, we estimate the 
contribution of the laser noise on the short-term frequency 
stability of a CPT atomic clock, and predict that a value below 3 × 
10-13 over one second is a realistic target. 
 
Index Terms—Microwave photonics, Vertical cavity surface 
emitting lasers, Clocks, Laser noise.  
I. INTRODUCTION 
TOMIC frequency references provide high-precision 
stable signals, which are crucial in the most demanding 
applications as satellite positioning, high bitrate 
communication networks, or high-end inertial navigation. 
Because of their potential for size reduction, atomic clocks 
based on the coherent population trapping (CPT) of 133Cs atoms 
have raised a considerable interest within the last decade in the 
scientific and industrial community [1], [2]. In a CPT-based 
atomic clock, the microwave interrogation that delivers the 
atomic reference signal is induced by two phase-coherent laser 
fields at resonance with a common excited state. When the 
frequency difference between the two laser fields corresponds 
exactly to the ground-state hyperfine splitting (equal to 9.192 
631 770 GHz with 133Cs atoms), the atoms are trapped in a dark 
state and stop interacting with the laser light. The resulting 
narrow transmission line in the atomic absorption spectrum is 
used as a frequency reference. In order to guarantee the stability 
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of the clock frequency, CPT atomic clocks require a high purity, 
optically-carried, microwave signal as well as low-noise 
properties for the laser source (intensity and frequency 
fluctuations). Among the different optical configurations which 
influence the CPT signal, those combining cross-polarized 
excitation scheme and temporal Ramsey-like pulsed 
interrogation have demonstrated highly contrasted and narrow-
linewidth CPT resonances [3]. Such a configuration was 
recently proven to reach a short-term frequency stability of 3.2 
× 10-13 �ିଵ/ଶ [4]. However those high performance CPT clocks 
use bulky laser architectures (with two lasers [3] or one laser, a 
modulator and a Michelson interferometer [5]) in order to 
generate both coherent and cross-polarized laser modes. Such 
solutions have proven to fit in compact housing, but the 
reduction of their volume, while keeping their clock frequency 
stability in the order of 10-13 over one second, remains a main 
challenge.  
We propose here a new laser source for compact CPT clocks 
which improves the trade-off performance vs size. It consists in 
a unique dual-frequency and dual polarization laser. Indeed, the 
dual-frequency emission of a solid-state laser has been 
demonstrated in the GHz range with a Er:Yb:Glass laser [6] and 
in the THz range with a Yb:KGW [7], both based on the 
simultaneous emission of two cross-polarized longitudinal 
modes inside the same laser cavity. However, the main 
limitation of these lasers is their strong intensity noise inherent 
to their class-B dynamical behavior. In order to overcome this 
limitation, a dual-frequency emission has been recently 
demonstrated in a class A optically pumped vertical-external-
cavity semiconductor laser (OP-VECSEL) which does not 
suffer from relaxation oscillation since the photon lifetime 
inside the cavity is much longer than the excited carriers 
lifetime [8]. This configuration has been demonstrated at 1 ȝm 
[9] and 852 nm [10]. 
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We investigate the dual-frequency and dual polarization OP-
VECSEL emitting at the Cs D2 line  (Ȝ  =  852  nm)  with  a 
frequency difference tunable around the Cs ground state 
splitting, and noise properties compatible with the coherent 
population trapping of Cs atoms. 
This paper is organized as follows: the design of the dual-
frequency OP-VECSEL is described in section II; the tunability 
of the frequency difference between the two modes is also 
detailed. Section III presents the laser characterization under 
free-running operation and section IV describes the 
stabilization set-up of the laser emission. Finally section V is 
dedicated to the measurements of the noise properties of the 
dual-frequency laser, which are used in section VI to estimate 
the laser noise contribution to the clock frequency stability. 
II. DESIGN OF THE DUAL-FREQUENCY AND DUAL-
POLARIZATION OP-VECSEL 
The optically-pumped VECSEL design enables the 
introduction of free-space intracavity elements to force the 
dual-frequency and dual-polarization emission of the cavity, 
while using specially designed semiconductor structure 
emitting at the targeted wavelength [11].  
A. Semiconductor structure 
The semiconductor chip is a conventional multilayer active 
structure, grown with metal-organic chemical-vapor deposition 
on a 350 ȝm-thick GaAs substrate. It is carefully designed to 
provide light emission at 852 nm and to tolerate optical losses 
of a few percents that are introduced by the intra-cavity 
elements (cf II.B). We take advantage of our previous works on 
the design of AlGaAs/GaAs semiconductor active chips at 852 
nm, which have demonstrated up to 300 mW at the Cs D2 line 
[12]. 
A distributed Bragg reflector (DBR), composed of 32.5 pairs 
of  Ȝ/4-thick AlAs/Al0.225Ga0.775As layers, provides a 80-nm 
large high reflectivity centered at 850 nm, with � > 99.94% at 
852 nm. The 30 Ȝ/4-thick active structure is composed of seven 
8 nm-thick GaAs quantum wells (QW) embedded in pump-
absorbing Al0.225Ga0.775As barriers, absorbing up to 90 % of the 
internal pump power in a single pass. The QWs are placed at 
the antinodes of the optical standing wave created inside the 
active chip. Two 30-nm thick Al 0.39Ga0.61As layers form 
potential barriers on each side of the active cavity, for carrier 
confinement. Finally, a 50 nm-thick InGaP capping layer 
protects the cavity from Al-oxidation. The design of this 
structure, without anti-reflection coating, results in an 
enhancement of the modal gain thanks to constructive 
interferences inside the semiconductor sub-cavity. 
B. Laser cavity 
The laser cavity is composed of the semiconductor chip and 
a � = 15 mm concave output coupler, transmitting 0.5 % at 850 
nm. The pump source is a broad-area laser diode emitting at 670 
nm,  coupled  into  a  100 ȝm diameter, �� = 0.22, multimode 
fiber. This source delivers up to 1 W at the fiber end. The pump 
beam is focused on the semiconductor chip with two doublets 
(�ଵ = 25 mm, �ଶ = 19 mm) under a 50° angle, yielding a 70 ȝm 
by 110 ȝm-elliptical spot on the semiconductor structure. 
The dual-polarization emission is obtained by introducing a 
birefringent element in the laser cavity, which raises the 
degeneracy between polarizations and thus results in the stable 
oscillation of two cross-polarized modes (Fig. 1). Here we use 
a 500 ȝm-thick antireflection coated YVO4 plate cut at 45° to 
its optical axis, which induces a spatial separation � of 50 ȝm 
between the extraordinary and ordinary beams in the structure 
along the longer axis of the pump ellipse. This spatial separation 
reduces the coupling between the two polarizations which 
ensures the stable dual-polarization, dual-frequency emission 
[13]; nevertheless the spatial separation is small enough to 
maintain a good overlap between the pump beam and the two 
laser spots. Finally, the single-frequency operation at each 
polarization, as well as the wavelength coarse tunability, are 
obtained using a 50 ȝm-thick uncoated silica etalon with a free 
spectral range ���ா௧௔௟௢௡  = 2 THz. Fine tuning of the laser 
wavelength is obtained using a piezo-transducer glued on the 
output coupler. To control the laser frequency difference, a 5 % 
MgO-doped stoichiometric lithium tantalate (SLT) crystal is 
placed within the cavity. Its high transparency at 852 nm 
minimizes additional intra-cavity losses. The crystal axes are 
oriented to limit the ordinary-polarized mode frequency 
dependency with the SLT applied voltage. Both thermo-optic 
(TO) and electro-optic (EO) properties of the MgO:SLT enable 
a broad tunability of the cavity birefringence. With all intra-
cavity elements, the FSR of the laser cavity is ���௖௔௩ = 12 
GHz, higher than the targeted frequency difference ∆�଴ = 
9.192 GHz, and corresponding to an optical cavity length �௖௔௩ 
= 12.5 mm. 
The laser cavity design has focused on compactness as well 
as high mechanical and thermal stability. The pump optics, the 
semiconductor chip and the intra-cavity elements are integrated 
in a compact 90 mm × 90 mm × 40 mm casing. This limits 
mechanical and acoustic vibrations as well as air temperature 
fluctuations inside the external cavity. The temperature of the 
whole set-up is stabilized to 24°C. The semiconductor chip 
temperature is maintained at 16°C using a Peltier element. 
C. Frequency difference tunability 
The birefringence introduced inside the cavity generates two 
combs of cross-polarized longitudinal modes. For two adjacent 
cross-polarized oscillating modes (i.e. with a frequency 
 
Fig. 1.  Dual frequency laser cavity including the semiconductor chip and all 
three intracavity elements. FP etalon: Fabry-Pérot etalon; PZT: piezo-
transducer, EO: Electro-optic. 
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difference below ���௖௔௩), the laser beatnote frequency, defined 
as the frequency difference ∆� =   |�௘௫௧ − �௢௥ௗ|, is given by the 
formula: ∆� = ���௖௔௩ ቚଶ∆௅ఒ ቚ        (1) 
where ∆� = �௖௔௩௘௫௧ − �௖௔௩௢௥ௗ  corresponds to the optical path 
difference due to the birefringence inside the cavity, and is 
defined modulo �/ʹ. Thus ∆� is tunable over one FSR of the 
cavity. The tunability of ∆� is calculated from the contributions 
of both YVO4 and SLT crystals, taking into account three main 
effects: thermal expansion, thermo-optic and electro-optic 
effects. The birefringence variation of SLT with the applied 
transverse voltage follows the relationship:  ∆�ௌ௅்ாை ሺ�ሻ = ௏௘ ቀ௡೐యଶ �ଷଷ − ௡೚యଶ �ଵଷቁ               (2) 
where � = 2 mm is the distance between the two electrodes used 
to apply a voltage � on the crystal, �௘ and �௢ are the refraction 
indexes for the extraordinary and ordinary polarizations, �ଷଷ 
and �ଵଷ are the electro-optic coefficients along the axes x and z, 
respectively (x is the axis on which the voltage is applied and z 
is along the beam propagation). The contribution of thermal 
changes on birefringence can be estimated with the following 
relationship: డሺ∆௅ሻడ் =  డ௅డ் ሺ�௘ − �௢ሻ + � ቀడ௡೐డ் − డ௡೚డ் ቁ     (3) 
From material parameters values available in [14], [15], we 
compute the sensitivity of the frequency difference �� to 
temperature and to EO applied voltage of, respectively, 
1.41 GHz/K at 25°C and 1.56 MHz/V. Thus the crystal 
temperature allows a coarse tunability of the frequency 
difference to the targeted value of 9.192 GHz. Experimentally 
the sensitivity coefficients are 1.4 GHz/K (Fig. 2) and 
1.3 MHz/V, in good agreement with the theoretical values.  
III. LASER CHARACTERIZATION 
First of all, the laser is characterized without any intra-cavity 
element. The laser threshold is obtained at 0.25 W of incident 
pump power. The laser output power reaches 83 mW for the 
maximal pump power limited by thermal effects in the 
semiconductor structure; the laser emission exhibits then a 
multimode spectrum centered at 855 nm. With the 50 ȝm-thick 
Fabry-Perot etalon, the laser operates in a single mode emission 
with a wavelength tunability of almost 5 nm. With all intra-
cavity elements, the laser output power decreases to 26 mW at 
852.1 nm corresponding to 13 mW per polarization. The laser 
threshold increases to 0.35 W due to the additional optical 
losses induced by the cavity elements (Fig 3). The fine 
tunability of the cross-polarized laser frequencies is achieved 
with the rotation of the Fabry-Perot etalon and the adjustment 
of the cavity length.  
The optical spectrum of the dual-frequency laser around 
852.1 nm is measured with a Fourier transform optical spectrum 
analyzer with a resolution of 2 pm (Fig. 4). Polarization-
resolved measurements show no presence of side modes, 
confirming the emission is single-mode on each polarization. 
The beatnote is evidenced by mixing the cross-polarized modes 
with a polarizer oriented at 45° of their axes, and coupling the 
beam into a fiber-coupled fast GaAs photodiode. The free-
running beatnote spectrum around 9.2 GHz has a spectral 
linewidth at -3 dB below 600 kHz on a time scale of 300 ms, 
measured with a resolution bandwidth of 100 kHz (Fig. 5). The 
beatnote linewidth is limited by residual uncorrelated 
mechanical and thermal fluctuations.  
IV. LASER STABILIZATION 
Under free-running conditions, the stability of the two laser 
 
Fig. 2.  RF spectrum of the beatnote of the two laser modes as measured on an 
RF spectrum analyzer. The black curve corresponds to the beatnote spectrum 
at a stabilized temperature. The red curve is the trace generated by the beatnote 
spectrum during a 1 K temperature sweep of the EO. Mode-hopes (around 9.5 
and 10 GHz) are visible on this trace.  
 
 
Fig. 3.  Laser power characterization for different cavity configurations. Black: 
without any intracavity elements. Red: with all intracavity elements, for single 
frequency emission at 852.1 nm. Green: with all intracavity elements, for 
bifrequency emission at 852.1 nm and for each polarization. 
 
 
Fig. 4.  Optical spectrum of the dual frequency laser measured with a resolution 
of 2 pm for each polarization and with both polarizations.  
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lines is not compatible with the interrogation of Cs atoms in a 
CPT-based atomic clock, which requires a stable emission at 
the Cs atomic transition and a high-purity optically-carried 
microwave signal. The laser emission has thus to be further 
stabilized. In this section we detail the stabilization of the 
ordinary-polarized laser line onto a hyperfine Cs atomic 
transition, and the concurrent lock of the frequency difference ∆� onto a RF oscillator.  
At the output of the laser, the two cross-polarized modes are 
separated by a polarization beam splitter, and one -30 dB optical 
isolator per polarization is used to prevent spurious optical 
feedback (Fig. 6). A fraction (0.5 mW) of the ordinary-
polarized beam is injected into a saturated absorption set-up for 
its stabilization on a Cs atomic transition at 852.1 nm. Finally, 
both beams are recombined with the same polarization axis in 
order to measure the beatnote frequency and lock it on the RF 
frequency reference.  
A. Optical frequency stabilization at Cs transition 
The laser frequency of the ordinary polarized beam is locked 
onto a Doppler-free transition (� = 4 towards �’ = 4’/5’) of the 
Cs D2 line using a pump-probe saturated absorption technique 
in a Cs cell at room temperature [16], as shown in Fig. 6. An 
acousto-optic modulator is used to modulate the counter-
propagating pump beam at 100 kHz. An error signal �ଵ is 
generated by heterodyne detection of the probe beam 
transmitted through the Cs cell. This method avoids the direct 
modulation of the pump diode current, which would 
simultaneously introduce a modulation of the laser power. The 
correction is made by a low-frequency two-integration stage 
servo loop on the piezo-electric transducer glued to the output 
coupler. We measure a static sensitivity coefficient of the 
optical frequency to the error signal of 12 MHz/V. 
B. Frequency difference stabilization  
The frequency difference ∆� between the two laser modes is 
locked, using an optical-phase lock loop [17], onto a 
commercial RF synthesizer (Agilent E8257D) used as a local 
oscillator (LO), which generates a stable RF reference at the 
frequency �௅ை .The two laser frequencies are mixed on a fast 
GaAs photodiode (Fig 6). The subsequent beatnote signal is 
amplified and mixed with the RF reference to generate an error 
signal proportional to ሺ�� − �௅ைሻ. The error signal is then 
amplified by a high-bandwidth proportional-integrator 
corrector and applied to the intracavity electro-optic crystal to 
compensate for the frequency-difference fluctuations.  
Fig. 5 compares the beatnote spectra of the free-running laser 
and of the laser when the frequency difference �� is locked to 
the RF reference at 9.2 GHz. The RF spectrum is significantly 
improved within a 1 MHz band. This band, corresponding to 
the servo loop bandwidth, results from the open loop gain and 
is limited by the servo-loop response delay, most likely induced 
by electronics.  
 The signal-to-noise ratio, measured between the peak 
maximum and its minimum close to the frequency carrier, is 95 
dB/Hz. The two servo-loops – of the absolute frequency 
difference on a Cs atomic transition and of the frequency 
difference on the RF local oscillator – operate together for 30 
minutes under laboratory conditions. Better working conditions 
with acoustic isolation of the set-up are being implemented to 
achieve a longer operating time for the stabilized laser. 
V. LASER NOISE AND DYNAMICS 
The noise properties of the stabilized laser emission are 
investigated in order to evaluate the contribution of the dual-
frequency OP-VECSEL to the performance of a CPT-Ramsey 
atomic clock. We study three main noise sources: the laser 
intensity noise, the laser frequency noise and the beatnote phase 
noise. 
A. Laser intensity noise 
Polarization-resolved measurements show no significant 
difference in the relative intensity noise (���) levels between 
the two modes on a [10 Hz; 100 kHz] frequency range. A white 
noise floor of -115 dB/Hz for each polarization has been 
measured directly at the laser output (Fig. 7). Moreover, we 
observe experimentally that the two frequency-stabilization 
 
Fig. 5.  Beatnote frequency spectrum in free-running operation (RBW = 100 
kHz) and in locked operation (RBW = 10 kHz), at 9.2 GHz. The spectral 
linewidth of the beatnote in locked operation is limited by the spectrum 
analyzer resolution. 
 
Fig. 6.  Stabilization set-up. EO: electro-optic crystal, PZT: piezo-electric 
transducer, BS: beam splitter, PBS: polarization beam splitter, HWP: half-
wave plate, AOM: acousto-optic modulator, PD: photodiode, FPD: fast 
photodiode,  LOμ  local  oscillator,  P∫μ  proportional  integrator  corrector,  ∫∫μ 
double-integrator corrector, OSA: optical spectrum analyzer, ESA: electrical 
spectrum analyzer. 
 
Texte
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servo-loops do not disturb the ��� levels. The laser intensity 
noise is actually limited by the pump intensity noise, whose 
level is -120 dB/Hz at frequencies below 100 kHz. We observe 
a ��� conversion factor from the pump to the laser of +5 dB, 
compatible with our numerical estimations following [18], 
within the bandwidth of the pump-to-laser ��� transfer – 
estimated at 90 MHz under our laser operating conditions. 
Furthermore, we have verified that the ��� of the pump diode 
is not limited by its injected current noise, and we suspect the 
mode partition noise resulting from the competition between 
the longitudinal modes to be the main limiting factor of the 
pump ��� [19]. A lower ��� of our dual-frequency laser 
should thus be achievable by using a single-mode pump source. 
High power tapered laser diodes at 670 nm with quasi-single 
mode emission have been demonstrated [20], and are 
considered as good candidates. 
B. Laser frequency noise 
The laser frequency noise reveals the fluctuations of the 
absolute optical frequency as compared to the Cs transition. To 
quantify the power spectral density of the laser frequency noise �ఔ೚೛೟ሺ�ሻ, we measured the power spectral density of the error 
signal �ଵ with a Fast Fourier Transform spectrum analyzer, and 
normalized it by the static sensitivity coefficient of the set-up 
(12 MHz/V). We believe that, for � ≤  1  kHz, the major 
contribution to �ఔ೚೛೟ሺ�ሻ comes from mechanical fluctuations in 
the cavity. Indeed, the contribution of the pump-induced 
thermal fluctuations inside the semiconductor chip - converted 
into a frequency noise through changes of the optical cavity 
length - is estimated to 6 × 105 Hz²/Hz in the bandwidth of the 
thermal effects [21], a few orders of magnitude below the 
observed frequency noise under free-running operation (Fig. 8). 
In locked operation, the low-frequency mechanical and thermal 
noise is suppressed on a bandwidth of 600 Hz, limited by the 
piezo-transducer resonance. At 1 Hz, we measure a frequency 
noise below the total noise floor, which means that a 60 dB 
noise reduction has been achieved. In fact, since this 
measurement is realized within the servo-loop, it does not 
reveal the noise issued from the loop components themselves. 
We believe that the actual noise floor comes from the 
conversion of the laser ��� into frequency noise through the 
servo-loop, and is estimated at 2.0 × 103 Hz²/Hz. 
C. Beatnote phase noise 
The local oscillator (LO) which provides the RF interrogation 
signal is a key element in an atomic frequency reference. More 
specifically in CPT atomic clocks, the LO signal is optically 
carried by the two coherent laser lines. Conversion from 
electrical to optical (E/O) domain is obtained by locking the 
laser frequency difference ∆� to the LO frequency  �௅ை . In a 
perfect situation, the spectral purity of the LO, i.e. its phase 
noise, is reproduced on the optically-carried RF signal. 
However the E/O conversion is a source of additional noises, 
originating from the optical phase-lock loop and the laser itself. 
To characterize the power spectrum density (PSD) of the 
beatnote additive phase noise (or residual phase noise) �஍ಲ೏೏ሺ�ሻ originating from the OPLL and the laser, we use the 
set-up presented in Fig. 9 which rejects the LO noise as a 
common noise source for both signals measured by FPD1 et 
FDP2. A tunable delay line (or phase-shifter) ensures that the 
LO signal and the beatnote signal measured with FPD2 are in-
phase. Fig. 10 shows �஍ಲ೏೏ሺ�ሻ under free-running and locked 
operations (for a frequency difference ∆� locked at the LO 
frequency of 9.6 GHz). A level of -105 dBrad²/Hz on the 100 
Hz - 5 kHz frequency range is measured, below the LO typical 
phase noise. This result is comparable with measurements 
obtained on solid-state dual-frequency lasers [6]. At 
frequencies above 5 kHz, the noise level increases up to -90 
dBrad²/Hz at 1 MHz, which corresponds to the optical phase-
lock loop bandwidth. This excess noise is due to the reduction 
of the OPLL corrector gain at high frequency and thus could be 
 
Fig. 7.  Spectral density of the laser relative intensity noise for each 
polarization, and of the pump relative intensity noise.  
 
 
Fig. 8.  Power spectrum density of the frequency noise of the ordinary polarized 
mode, under free-running operation (black line) and under locked operation 
(red line). Total noise floor originating from the ��� conversion into the servo 
loop is represented in the dashed line.  
 
 
Fig. 9.  Additive phase noise measurement set-up, including the frequency 
difference lock loop with the proportional-integrator corrector. FPD1 and 
FPD2: fast photodiodes, LO: Local oscillator, Φμ phase-shifter, P∫μ proportional 
integrator corrector, FFT: Fast Fourier Transform spectrum analyzer. 
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better compensated. For frequencies above 1 MHz, a ͳ/�ଶ 
slope is observed which is a typical behaviour of such lasers 
under free-running conditions [22]. 
VI. EVALUATION OF THE CLOCK FREQUENCY STABILITY 
In this section, we evaluate the laser noise contribution to the 
atomic clock performance and therefore the ultimate clock 
frequency stability, which would be reached with a CPT atomic 
clock based on our dual-frequency laser source. We will 
consider the CPT atomic clock using temporal Ramsey-like 
pulsed interrogation developed at Observatoire de Paris - 
SYRTE [23]. 
The atomic clock scheme is described in Fig. 11. The two 
cross-polarized laser modes illuminate a cell filled with Cs 
atoms and a buffer gas. Before the cell, an acousto-optic 
modulator is used for the temporal pulse shaping of the atoms 
interrogation. The clock sequence of duration �௖ = 6 ms is 
composed of a first pumping pulse �௣ = 2 ms, a free-evolution 
time �ோ = 4 ms and finally a very short detection pulse �ௗ = 
25 µs, during which the power transmitted by the Cs cell is 
measured.  
The clock stability is characterized by the relative frequency 
fluctuations of the LO oscillator, around the atomic ground state 
splitting. It is calculated by the Allan standard deviation �௬ሺ�ሻ, 
equal to the quadratic sum of three contributions resulting from 
the laser intensity noise (IN), the laser frequency noise (FN) and 
the beatnote phase noise amplified by the Dick effect [24]. �௬ଶ ሺ�ሻ = �ூேଶ +  �ிேଶ + �஽௜௖௞ଶ   (4) 
The major contribution of the laser power fluctuations (IN) is 
on the amplitude noise of the detected signal �ሺ�ሻ. The atomic 
clock signal �ሺ�ሻ is sensitive to this contribution on a bandwidth 
of ͳ/ �ௗ   = 40 kHz. On the contrary, the laser optical frequency 
noise �஝೚೛೟ሺ�ሻ impacts the clock frequency stability during the 
pumping time �௣. Indeed, the laser frequency noise is converted 
into an amplitude noise of the clock signal on a bandwidth of 
700 Hz, through the fluctuations of the density of atoms trapped 
in the dark state. Finally, the Dick effect arises from the lack of 
information on the optically-carried RF frequency during the 
pumping of the Cs atoms. Therefore, the pumping time 
corresponds to a dead time during which frequency fluctuations 
of the RF frequency can not be corrected [25].The Dick effect 
bandwidth includes all frequencies above the clock 
interrogation frequency ͳ/�௖. As discussed in V.B, the 
optically-carried RF frequency noise (or beatnote frequency 
noise) originates from the LO intrinsic frequency noise �஝ೀಽሺ�ሻ, 
the OPLL frequency noise �஝ೀುಽಽሺ�ሻ, and the laser frequency 
noise �஝ಽሺ�ሻ. The beatnote frequency noise can be computed 
from the beatnote additive phase noise �஍ಲ೏೏ሺ�ሻ = �஝ಲ೏೏ሺ�ሻ/�ଶ evaluated previously.  
Each laser contribution to the Allan standard deviation is 
estimated following the approach described in [20] (Table 1). 
For the sake of simplicity, we consider white noise spectral 
densities at their measured maximum level for the three 
contributions. The commercial RF synthesizer used as LO 
would also contribute to 5 × 10-13 �ିଵ/ଶ to the clock stability. 
From these calculations, we estimate a clock stability, limited 
mainly by the laser intensity noise, of �௬ሺ�ሻ = 1.6 × 10-12. �ିଵ/ଶ. 
Though this value is higher than the state-of-the-art CPT-
Ramsey atomic clock [26], it is not a fundamental limit of the 
atomic clock. In order to reach better clock performance, we 
should adapt the clock set-up. For example, an increase of the 
detection time from 25 µs to 125 µs could reduce the ��� 
contribution to Allan standard deviation below 9 × 10-13. �ିଵ/ଶ. 
It would also decrease the influence of the Dick effect, but may 
reduce the CPT signal �ሺ�ሻ as well. The cause and 
consequences of such a compromise are detailed in [4], [23]. 
The clock sensitivity to the laser ��� might also be reduced by 
monitoring the laser beam power in front of the atomic cell and 
normalizing the CPT signal. With such a normalization, a three-
fold reduction of the contribution of the laser ��� to the Allan 
standard deviation has been demonstrated for an initial ��� 
floor level of -115 dB/Hz [24]. Alternatively we may add a 
power stabilization loop of the pump laser or use a single-mode 
tapered laser diode as a pump source (cf V.B). Eventually, once 
we change the current LO for an ultra-low noise microwave 
chain [4] and reduce  the laser intensity noise contribution 
below the Dick limit, the clock frequency stability should be 
below 3 × 10-13. �ିଵ/ଶ corresponding to the current state-of-the-
art of such atomic clocks [4].    
TABLE I 
CALCULATIONS OF ALLAN STANDARD DEVIATION FOR EACH LASER NOISE 
CONTRIBUTION 
Laser noise contribution Max noise level 
Allan standard 
deviation �௬ሺ�ሻ 
Intensity noise (���) -115 dB/Hz 1.5 x 10-12 �ିଵ/ଶ 
Frequency noise 1010 Hz²/Hz  7.7 x 10-14 �ିଵ/ଶ 
Beatnote phase noise -90 dBrad²/Hz 2.7 x 10-13 �ିଵ/ଶ 
 
 
Fig. 10.  Power spectrum density of the beatnote phase noise due to the laser 
and the optical phase-lock loop contribution (residual phase noise) under free-
running operation and under locked operation (LO frequency: 9.6 GHz) 
compared to the standard phase noise of the LO used.  
 
Fig. 11.  General scheme for a CPT-Ramsey atomic clock using Cs atoms 
trapped in a cell. 
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VII.  CONCLUSION 
We have demonstrated the dual-frequency / dual-polarization 
emission of an OP-VECSEL at 852 nm, with a frequency 
difference of 9.2 GHz. It is based on the introduction of a 
controlled birefringence within the laser cavity, which results 
in two cross-polarized lasers lines. A compact prototype has 
been designed, which allows a fine tunability of the laser optical 
frequencies. The output power reaches 13 mW per line. The 
laser dual-frequency emission is stabilized by means of two 
servo-loops, on a Cs atomic transition in a saturated-absorption 
setup and on a stable RF oscillator. Under this working 
operation, the laser noise properties have been carefully 
investigated. Measurements show a maximum noise level of -
115 dB/Hz for the laser relative intensity noise and -90 
dBrad²/Hz for the additive phase noise. 
Finally, we have theoretically evaluated the impact of the 
residual noise of our dual-frequency laser source on the short-
term frequency stability of a CPT-Ramsey atomic clock. We 
demonstrate that a clock stability of 1.6 × 10-12. �ିଵ/ଶ should be 
achieved, and would be limited by the laser intensity noise 
contribution. The latter might be reduced by changing either the 
laser or the clock set-up; the impact of these changes will have 
to be investigated through an exhaustive study of the total 
signal-to-noise ratio of the CPT signal. Eventually we expect 
that the laser contribution to clock frequency stability would be 
limited by the Dick effect below 3 × 10-13 �ିଵ/ଶ, paving the way 
for future compact atomic clocks with 1 × 10-13 �ିଵ/ଶ frequency 
stability level. 
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